The biodegradation of the most abundant atmospheric organic C 1 to C 4 compounds (formate, acetate, lactate, succinate) by five selected representative microbial strains (three Pseudomonas strains, one Sphingomonas strain, and one yeast strain) isolated from cloud water at the puy de Dôme has been studied. Experiments were first conducted under model conditions and consisted of a pure strain incubated in the presence of a single organic compound. Kinetics showed the ability of the isolates to degrade atmospheric compounds at temperatures representative of low-altitude clouds (5°C and 17°C). Then, to provide data that can be extrapolated to real situations, microcosm experiments were developed. A solution that chemically mimicked the composition of cloud water was used as an incubation medium for microbial strains. Under these conditions, we determined that microbial activity would significantly contribute to the degradation of formate, acetate, and succinate in cloud water at 5°C and 17°C, with lifetimes of 0.4 to 69.1 days. Compared with the reactivity involving free radicals, our results suggest that biological activity drives the oxidation of carbonaceous compounds during the night (90 to 99%), while its contribution accounts for 2 to 37% of the reactivity during the day, competing with photochemistry.
The chemistry of organic compounds in the atmosphere is believed to be essentially driven by free radicals and oxidants generated by photochemical processes (e.g., see references 9 and 37). Recent investigations have raised the possibility that unexpected actors, i.e., living microbes, could also be involved (3, 5, 7-8, 13, 15) .
Clouds play a major role in the transformation of atmospheric compounds (27) and influence the composition of the atmosphere through liquid-gas exchanges (26, 32) . They are also considered atmospheric niches for microbial life. Cloud water is a complex mixture of organic and inorganic compounds originating from both the gas and the solid phases of the atmosphere. Organic species in the atmosphere either originate from direct sources such as automobile exhaust or are produced within the atmosphere by oxidation of hydrocarbons. Their concentrations are controlled by long-range transport and photochemical production (23, 30) . The dissolved organic carbon concentration in cloud water generally ranges from 1 to 20 mg liter Ϫ1 (35, 38) . Low-weight carboxylic acids and aldehydes dominate the organic fraction, with formate, acetate, and formaldehyde being the most abundant (20, 29, 34, 41) . The chemistry of these soluble organic compounds play a crucial role in the budget of volatile organic compounds in the troposphere and in the budget of secondary organic aerosol particles, which is a major uncertainty in the assessment of the role of aerosol particles in climate change (21) . Indeed, a number of studies have shown that chemical mechanisms in clouds contribute significantly to the formation of secondary organic aerosol particles (22) . More specifically, a substantial fraction of organic species such as oxalic, formic, and acetic acids originates from aqueous phase oxidation processes, mainly by OH ⅐ , NO 3 ⅐ , and HO 2 ⅐ (17, 31).
Cloud droplets also host living bacteria (10 3 to 10 5 cells ml Ϫ1 ) (1, 6, 10, 40) ; the total bacterial C production at 0°C in clouds has been estimated to be 1 to 10 pg C year Ϫ1 (40) . Heterotrophic microorganisms can sustain growth in cloud water under laboratory conditions by using dissolved organic compounds as substrates, the concentration of which is presumably the limiting nutritive factor for cell multiplication in these environments (5) . This activity toward organic compounds likely participates in carbon chemistry in clouds. In addition, nitrifying bacteria have been detected in clouds and they could be involved in the transformation of atmospheric nitrogenous species (25) . One key objective now is to quantify the importance of the biological oxidation pathways compared to that of chemical and photochemical processes.
In previous work, we provided a description of the microbial content of low-altitude clouds (puy de Dôme summit, 1,465 m above sea level) and provided an overview of the capability of isolated bacteria and yeast to degrade atmospheric organic compounds under laboratory conditions (3) (4) (5) (6) . Here we present rates of biodegradation of atmospheric organic C 1 to C 4 compounds by five selected representative microbial strains isolated from cloud water. Experiments were performed with pure strains incubated in the presence of a single organic compound. We focused first on determining biodegradation rates at two different incubation temperatures (5°C and 17°C). The colder (5°C) corresponds to the mean annual temperature measured at the puy de Dôme summit, while 17°C is approximately the maximal temperature observed there when a cloud forms (see http://wwwobs.univ-bpclermont.fr/SO/beam/data .php).
Then, with the objective to provide data that can be extrapolated to real situations, microcosm experiments in which a solution that chemically mimicked the composition of cloud water was used as an incubation medium were developed. Based on the results obtained under microcosm conditions, in-cloud lifetimes of mono-and dicarboxylic acids (formate, acetate, and succinate) were estimated in relation to their biotransformation by microorganisms at 5°C and 17°C. These lifetimes were finally compared to reactions with the free radicals OH ⅐ and NO 3 ⅐ in the liquid phase, showing that microbial activity represents a real alternative route for the oxidation of organic species in cloud water.
MATERIALS AND METHODS
Strains. Four strains of bacteria and one yeast strain isolated from cloud water samples collected at the puy de Dôme summit were used. The bacterial strains, Pseudomonas sp. strain PDD-14b-2 (DQ512788), Pseudomonas viridiflava strain PDD-14b-14 (DQ512797), Pseudomonas graminis strain PDD13b-3 (DQ512786), and Sphingomonas sp. strain PDD-7b-13 (DQ512776), have been described elsewhere (4); the yeast strain, PDD-14b-1, is still unidentified. They were selected for their representation in cloud water; for instance, Pseudomonas and Sphingomonas species were detected in 100% and 75%, respectively, of the samples collected at the puy de Dôme between December 2003 and September 2004. Pseudomonas strains have also been found in cloud water in Scotland (1) and in the Italian Pô valley (19) . Biodegradation test conditions. (i) Cell preparation. The investigated strain was grown aerobically (200 rpm) at 17°C or 27°C in tryptic soy (TS) or R2A (39) broth. Cells were harvested after 24 to 48 h of growth by centrifugation (4,000 ϫ g, 15 min, 4°C), rinsed twice with 0.8% NaCl, and finally resuspended in the incubation medium. The cell concentration in the test medium was adjusted close to 10 9 , 10 8 , 10 7 , or 10 6 bacteria ml Ϫ1 and around 10 7 yeast cells ml Ϫ1 after measurement of the optical density at 575 nm. Serial dilutions of the suspension were also plated on R2A or tryptic soy agar (TSA) and incubated at 17°C or 27°C for exact CFU counts. The exact cell count was used to calculate the biodegradation rates expressed as mol h Ϫ1 cell Ϫ1 (see the description of calculations of biodegradation rates and lifetimes below). The experimental blank consisted of cells suspended in the test medium. At defined time points (t ϭ 0, 1, 2, 3, 4, 5, 6, 7, 8, 24, 48 , and 72 h), samples were taken for measurement of the concentration of substrate; cells were pelleted (12,000 ϫ g, 3 min) from 1 ml of the incubation medium, and the supernatants were kept frozen (Ϫ25°C) until analysis.
(ii) Incubation with a unique substrate. The test medium was composed as follows: 25 ml of 0.1 M phosphate buffer at pH 7.0 containing about 20 mM sodium formate (Aldrich), lactic acid (L and D isomers, mixing ratio of approximately 2.5:1; Touzart and Matignon), or sodium succinate (Aldrich). The cell concentrations were around 10 9 bacteria ml Ϫ1 and 10 7 yeast cells ml
Ϫ1
. Incubations were performed at 5°C and 17°C. In the specific case of P. graminis, an additional experiment was performed at 17°C using substrate/cell ratios of 20 mM/10 8 cells ml
, 2 mM/10 7 cells ml
, and 0.2 mM/10 6 cells ml
; these were obtained by diluting the solution containing the highest concentrations. Supernatant samples were subjected to 1 H nuclear magnetic resonance (NMR) analysis.
(iii) Incubation in a microcosm. The artificial cloud water medium was obtained by diluting by a factor of 1,000 in ultrapure water a solution containing 0. Table 2 for the final composition). This solution was sterilized by autoclave and incubated with 10 (ii) Analyses by ion chromatography. All of the vials were rinsed three times with ultrapure water; experiments were performed under a hood and while wearing gloves to avoid any chemical contamination. Fifty-microliter samples were diluted by a factor of 100 in ultrapure water before analysis. Ions were measured by ionic chromatography (Dionex DX320, column AS11 for anions, eluant KOH; Dionex ICS1500, column CS16 for cations, eluant hydroxymethanesulfonate).
Calculations of biodegradation rates and lifetimes. The biodegradation rate
, was determined by the linear regression equation K x ϭ (C 0 Ϫ C t )/(t ϫ N cells ), with C 0 and C t the concentrations of x in mol liter Ϫ1 after 0 and t minutes of incubation, respectively; t is the incubation time in minutes, and N cells is the concentration, in cells liter
, of the cells participating in biodegradation.
Lifetimes (T) linked to biological activity were calculated by assuming no variation of the biodegradation rates with the concentration of substrates but direct proportionality to the number of cells involved. For a compound, x, the lifetime in days is given by the equation T x ϭ C x /N cell ϫ K x ϫ 24, with C x the concentration of compound x in cloud water in mol liter Ϫ1 and N cell the concentration of cells in cloud water in cells liter
.
RESULTS
Biodegradation of atmospheric carboxylic acids as unique carbon sources. The five microbial strains isolated from cloud water were incubated in the presence of formate, acetate, Land D-lactate, and succinate at 5°C and 17°C in 0.1 M phos- Ϫ14 mol h Ϫ1 cell Ϫ1 ). The differences in biodegradation rate between bacteria and yeasts are probably due to the fact that yeast cells are about 10 times bigger than bacterial cells, resulting in higher rates in yeasts on a per-cell basis. In addition, they are eukaryotes and their metabolic pathways and regulations are probably different from those of bacteria.
Biodegradation of atmospheric carboxylic acids under microcosm conditions. Cloud water is generally an acidic complex mixture of organic and inorganic compounds, and its chemical composition may affect enzymatic reactions. To investigate the influence of the presence of major chemicals dissolved in cloud water on biodegradation kinetics, microcosm experiments were set up. The incubation medium was composed by a solution containing ions such as nitrate, chloride, sodium, and ammonium and some organic species like formate, acetate, succinate, and oxalate; this was not buffered, and the final medium was acidic (pH ϳ5) ( Table 2 ). This mixture of organic and inorganic compounds was designed to have chemical characteristics that mimicked the typical composition of cloud water, in accordance with the measurements of samples collected at the puy de Dôme station (35, 38; M. Parazols et al., unpublished data). The solution was inoculated with P. graminis at a concentration of 10 6 cells ml Ϫ1 , i.e., about 1 order of magnitude higher than the actual concentration of bacteria in cloud water (6) . The concentrations of all of the organic and inorganic species in the incubation medium were also 10 times higher than in real cloud water. To check the possible influence of these shifts in concentration on the resulting rates of biodegradation, the linearity of the degradation rates was first tested. Suspensions of P. graminis at concentrations of 10 6 , 10 7 , and 10 8 cells ml Ϫ1 were incubated in 0.1 M phosphate buffer in the presence of 0.2, 2.0, and 20 mM carboxylic acid, respectively. Table 3 shows the biodegradation rates measured under these conditions; the results attested that there was no effect of the absolute cell and acid concentrations for a given ratio and the reaction rates were thus considered linear. Table 4 Table 4 , footnote a, for details). Degradation rates were increased by 1 order of magnitude under microcosm conditions compared to simple conditions. Note that oxalate was not degraded by P. graminis under either microcosm conditions or during incubation with oxalate as the sole substrate at pH 7.0 and at 5°C or 17°C, suggesting that this strain lacks the necessary enzyme(s). Implication in atmospheric chemistry. Microcosm experiments do not reflect the physical characteristic of clouds, i.e., the distribution of water in droplets which influences the exchanges at the air-water interface. However, this is thought not to affect biodegradation rates, which are probably more dependent on the chemical composition. From our measurements realized under microcosm conditions, we calculated lifetimes for the main organic species in cloud water, i.e., formate, acetate, and succinate (Table 4) . In a cloud with typical biological and chemical contents and assuming a cell population that is as active under natural conditions as in the microcosm, the lifetimes of formate, acetate, and succinate due to biological activity are 2.0, 69.1, and 1.5 days at 5°C and 0.5, 4.4, and 1.5 days at 17°C, respectively. Oxidation processes in the atmosphere are largely catalyzed by free radicals, of which the principals ones are OH ⅐ and NO 3 ⅐ . Hydroxyl radicals are generated by photochemical pathways and are implicated in the oxidation processes that occur during the day, while nitrate radicals play a role during the night (18) . At 5°C (the average temperature in warm clouds), lifetimes related to biological activity were 5 to 50 times longer than lifetimes linked to oxidation by OH ⅐ but about 10 times shorter than the lifetimes due to oxidation by NO 3 ⅐ , with variations depending on the chemical species. At 17°C (the upper temperature limit in summer) during daytime, the lifetimes of acetate and succinate are of the same order of magnitude for microbial activity and for OH ⅐ activity (4.4 versus 1.6 and 0.4 versus 0.2, respectively) and only 17 times higher for OH ⅐ reactivity in the case of formate (Table 4) . At this temperature, P. graminis was far more active than NO 3 ⅐ , with lifetimes 35 to 86 shorter, showing that biological activity could predominate at night. Figure 1 shows the relative participation of P. graminis and free radicals in catalyzing the oxidation of formate, acetate, and succinate during the day and during the night. At 5°C in the presence of sunlight, OH ⅐ radicals are present and bacterial activity would account for 2 to 15% of the degradation of organic acids (Fig. 1A) ; during the night, biological activity only competes with NO 3 ⅐ radicals and its participation in the oxidation of carboxylic acids would reach 90% (Fig. 1B) . At 17°C, the bacterial relative contribution to the oxidation of organic species would vary from 6 to 37% (Fig. 1C ) of the total during daytime and from 97 to 99% during nighttime. These results suggest that biochemical pathways would have a relatively limited influence on the degradation of organic compounds during the day at 5°C but would become nonnegligible at the highest temperature. At both temperatures, microbial activity would be the dominant phenomenon during the night, at least for low-altitude clouds.
DISCUSSION
The biodegradation of formate, acetate, and succinate by strains isolated from cloud water at puy de Dôme had been studied under optimal temperature conditions (3, 5). Here we provide evidence that biodegradation is possible under cold conditions such as those encountered in low-altitude clouds. This is consistent with their ability to grow at 5°C, which can thus be supported by atmospheric compounds, thanks to the presence of cold-tolerant enzymes (4). Furthermore, a number 
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a Concentrations of cells and organic acids were adjusted to a ratio corresponding to that of natural cloud water (6, 35) . of studies have also demonstrated the existence of microbial activity under extreme cold conditions, including subzero temperatures (2, 11-12, 28, 40) . Hence, the biodegradation of organic species likely also occurs in supercooled clouds. Moreover, the activity of microorganisms in degrading organic acids under conditions that mimic those found in clouds (acidic pH, mixture of organic and inorganic compounds, and low temperature) was also demonstrated. Interestingly, the metabolic pathways of degradation of the organic compounds studied can be similar to those catalyzed by photochemical processes. As an example, photochemistry, through the production of OH ⅐ radicals, is involved in the progressive oxidation of hydrocarbons and others organic compounds to CO 2 . The final step is constituted by the oxidization of formate (14, 36) , and this reaction is also possibly catalyzed by microbial metabolism (16) . So, a part of the chemical transformations occurring in the atmosphere and attributed to photochemistry could, in fact, involve microbiological activity. To clarify this hypothesis, an attempted extrapolation of the biodegradation rates previously determined for organic acids to cloud water was proposed and biological lifetimes were compared to typical lifetimes calculated for both daytime (OH ⅐ ) and nighttime (NO 3 ⅐ ) chemistry. The time scales estimated for the degradation of organic compounds of cloud water, falling in the range of a few days, indicate that microbial activity could contribute to degrade organic compounds in the atmosphere, at least in low-altitude clouds. These time scales are consistent with those reported earlier by Ariya and Amyot (7) for the degradation of dicarboxylic acids as unique substrates by a fungal strain isolated from air (Geotrichum sp.). Lifetimes of 2 to 10 days were proposed for malonic, succinic, glutaric, adipic, pimelic, and pinic acids. Our results showed that biotransformation processes could even be the main sink for organic acids during nighttime, when the free radical load reaches its lowest concentration.
The implication of such results is clearly that the biological transformation of organic material in clouds needs to be accounted for to quantify the formation of secondary material in the atmosphere. Clearly, the calculated lifetimes are much longer than the typical lifetime of a single cloud event; they are comparable to the lifetime of airborne material in the temperate troposphere (up to several days). It is not unusual during the course of their atmospheric transport that atmospheric particles (including bacteria, fungi, and viruses) undergo several condensation-evaporation cycles, spending a significant fraction of their time in clouds. Quantifying the impact of biological activity on the global cycling of organic matter is beyond the scope of the present paper and would require advanced chemical transport modeling.
In clouds at a temperature of 5°C, which is the most representative temperature for low-altitude clouds, and assuming that 1% of the volume of the troposphere is occupied by clouds and that they carry a biomass as active as the cell populations used in microcosms, cloud-borne bacteria would be responsible for the degradation of nearly 6.5 million tons of organic compounds composed of carbon per year. Considering that these low-weight organic compounds are completely oxidized into carbon dioxide, this corresponds to an annual production of about 24 millions tons of CO 2 by microbial activity in cloud water.
Clouds are very complex multiphase systems that cannot be reproduced in laboratories working under bulk conditions. Our long-term strategy is to create mathematical process models of both biological and radical reactions and use different parameters, such as degradation kinetic constants (such as those determined in this paper), number and type of cells, chemical composition, temperature, pH, light flux, etc., to simulate more realistic clouds which are in constant evolution. These cloud chemistry models take into account the exchanges existing between the interstitial phases (gases and particles) and cloud droplets and crystals (15) . Modeling is the only way that will help us to know and quantify precisely the real contribution of microbiological processes, relative to photochemical processes, to cloud chemistry, depending on different scenarios. The way is still long; however, experimental data, especially biodegradation rate constants, collected by us and by other groups on microbial activity in cloud water will help to reach this goal.
